ABSTRACT: The subtidal macrobenthic community of a temperate beach in southern Portugal was studied along a depth gradient (1.3 to 32 m deep), which was long enough to comprise both highly hydrodynamic and calmer areas, to assess the influence of the spatial and temporal differences in hydrodynamic impact at the seafloor on the organization of a macrobenthic community. These differences were assessed by studying the variations in wave climate, depth of closure and extension of the mixed profile. A spatial zonation was detected from highly hydrodynamic shallow depths, 7.2 m deep shorewards, to the calmer deeper areas, from 8.4 m seawards. Accordingly, in the shallowest depths, species richness and densities were lower, with the inhabiting species, mainly crustaceans and surf clams, adapted to the environmental severity. Both species richness and densities increased along the depth gradient, and the community became dominated by polychaetes, nematodes and nemerteans. Seawards, within the relict sediments (deeper than 25 m), species richness and abundance decreased again. The community patterns also changed in response to the occurrence of strongly hydrodynamic episodes (such as storms), which had a higher impact than the seasonality. It was concluded that harsh physical environmental conditions reduce species richness, both spatially and temporally. With respect to density, other parameters related to life cycle characteristics, recruitment success and biotic interactions may also have some impact. 352: 113-124, 2007 port, varying with large and small spatial changes in hydrodynamics (Hewitt et al. 2003) . Seasonal differences in the hydrodynamics or punctual disturbance events, such as storms, may be an important conditioning for the benthic community (Hernández-Arana et al. 2003) . The wave climate impact on the sea bottom can be expressed in terms of the depth of closure (D c ), i.e. the depth below which limited sediment transport due to wave action is expected to occur (Nicholls et al. 1998) . Thus, the D c separates the active cross-shore profile from a deeper zone where the sediment transport is much weaker and morphological changes are less perceptible. As a result, the D c can be seen as a proxy of the wave energy acting at a given shoreface. Deeper values of D c are associated with higher wave energy levels and sediment exchanges, while shallower values result from lower wave energy and consequent smaller degree of sediment transport and morphological changes. The macrobenthic community existing at the nearshore must be able to adapt to the different wave energies and to the consequent sediment mixing, resulting in changes to the spatial and temporal distribution patterns.
INTRODUCTION
Several studies have reported on the global patterns of the sandy beach benthic communities and their conditionings (Brazeiro 2001 , Rodil & Lastra 2004 , Defeo & McLachlan 2005 , Janssen & Mulder 2005 , McLachlan & Dorvlo 2005 . Less frequent are the studies on the swash, surf (Vicente & Sorbe 1999 , Beyst et al. 2001a and sub-littoral areas (Morin et al. 1985 , Hernández-Arana et al. 2003 , Wieking & Kröncke 2003 , Connor et al. 2004 , Hoey et al. 2004 , Janssen & Mulder 2005 , due to constraints in the sampling procedures near the wave breaking and sub-littoral regions. In these areas, the sediment texture and dynamics are assumed to have a major role in the structure of the benthic community (Snelgrov 1998 , Miller et al. 2002 , Hoey et al. 2004 ). Disturbance events, physical and/or anthropogenically induced, constitute an important source of temporal and spatial heterogeneity, changing the sediment characteristics and allowing colonization by new individuals (Dernie et al. 2003 , Hewitt et al. 2003 . Biological interactions, such as life cycle characteristics, predation, competition and bioturbation are also recognised to play an important role in the benthic community regulation patterns (Snelgrov 1998 , Reise 2002 , Hewitt et al. 2003 .
The biological and physical interactions on the inner shelf generally depend on the waves and tidal range (Rosenberg, 1995 , Hewitt et al. 2003 . The amount of the mixing and erosion of sediment will be driven by the waves and tidal trans-port, varying with large and small spatial changes in hydrodynamics (Hewitt et al. 2003) . Seasonal differences in the hydrodynamics or punctual disturbance events, such as storms, may be an important conditioning for the benthic community (Hernández-Arana et al. 2003) . The wave climate impact on the sea bottom can be expressed in terms of the depth of closure (D c ), i.e. the depth below which limited sediment transport due to wave action is expected to occur (Nicholls et al. 1998) . Thus, the D c separates the active cross-shore profile from a deeper zone where the sediment transport is much weaker and morphological changes are less perceptible. As a result, the D c can be seen as a proxy of the wave energy acting at a given shoreface. Deeper values of D c are associated with higher wave energy levels and sediment exchanges, while shallower values result from lower wave energy and consequent smaller degree of sediment transport and morphological changes. The macrobenthic community existing at the nearshore must be able to adapt to the different wave energies and to the consequent sediment mixing, resulting in changes to the spatial and temporal distribution patterns.
In the present study, the coastal macrobenthic community was examined along a depth gradient long enough to comprise both highly hydrodynamic and calmer areas. The main objective was to assess the response of the macrobenthic community to both spatial and temporal (seasonal) differences in hydrodynamics. For this purpose, both the physical and biological (namely macrobenthic communities) environments were studied spatially and throughout different annual seasons. To our knowledge, no study has reported on the impact of the differences in the hydroand morphodynamic patterns through time on a macrobenthic community, taking into consideration a depth gradient including both highly hydrodynamic areas (e.g. surf zones) and less hydrodynamic sublittoral/nearshore areas.
MATERIALS AND METHODS
Study site. The study was conducted in the Ancão Peninsula (Fig. 1) , the western limit of the Ria Formosa (Algarve, Portugal). The Ria Formosa is a barrier island system composed of 5 islands and 2 peninsulas, separated by inlets (Fig. 1) . Tides are semi-diurnal with a mean tidal range of about 2.5 m and a maximum of about 3.5 m. Dominant wave direction is from WSW, and the study area is directly exposed. The wave energy can be considered as moderate, with an average annual significant wave height (H s ) of 0.92 m (Costa et al. 2001) . Storm conditions (H s > 3 m) do not exceed 2% of the wave records, with values > 5 m representing about 0.2% of the records (Costa et al. 2001) . The beach can be classified as 'Low Tide Terrace + Rip', with a reflective to intermediate behaviour (Ferreira et al. 1997) .
The seawater temperature presents seasonal variations, usual in temperate latitudes, ranging from a mean of 19.6°C during summer to 15.5°C in the winter (Dolbeth et al. 2006) .
Data acquisition and analysis. Wave climate:
Offshore wave data for the study period was obtained from the Faro wave buoy, placed at the 93 m depth contour, in front of Cape Santa Maria. Measurements were taken every 3 h for the analysed period (June 2001 to October 2002 , with very few missing data. For the purpose of this study, only H s was used. The number of storms (H s > 3 m) and the absolute maximum H s (H smax ) were identified for each period between consecutive biological samplings.
Morphological parameters: D c was determined by morphological comparison of repeated bathymetric surveys of 6 profiles, each separated by 20 m alongshore. A set of 84 profiles for 14 different survey periods was obtained from July 2001 to November 2003. For the purposes of this study, only 7 bathymetric surveys were analysed (July and September 2001, and February, May, June, July and October 2002) . The bathymetric surveys chosen were those closest in time to the biological sampling. With the exception of the July 2001 survey, all surveys were obtained in the same month as the biological sampling, and in most cases within 15 d, allowing a direct comparison between results. There were no storms or significant changes in the wave regime between benthic and bathymetric surveys. For the nearshore surveys we used a single point echosounder for water depth measurement, coupled with a real-time kinematic differential GPS (RTK-DGPS) for positioning and navigation software (HYPACK Max, Hypack). The measured depths were corrected for water level variation (i.e. tides and waves) using the heights recorded by the RTK-DGPS. The surveyed profile lines ended at approximately 18 to 20 m below mean sea level (MSL). This depth was much greater than expected, allowing D c determination. For the estimation of the overall vertical accuracy of the nearshore surveys, duplicate measurements of each profile were performed. Mean absolute difference between profiles was 16.5 cm, therefore we defined D c as the depth beyond which the morphological changes were < 20 cm. D c was then determined for consecutive surveys at each of the 6 profiles. An average value of the 6 profiles was then used as representative of D c for each analysed period. Based on the determined D c , the average extension of the mixed profile (E x ) was computed for each period analysed. This parameter represents the distance between the shoreline and the D c position in the profile, assuming the shoreline to be the contact between the MSL and the beach profile (on average about 70 m from the origin of the profile, the dune/beach contact). E x therefore gives the extension of the nearshore profile that was subjected to a mixing depth ≥20 cm for each period analysed.
Biological and sediment sampling: Sampling occurred along a depth gradient towards the eastern end of the Ancão Peninsula (Fig. 1) , where the effect of the ebb delta of Ancão inlet was not felt. In this area, 14 sampling stations were defined along a perpendicular subtidaltransect, according to the distance from the shoreline (100, 200, 300, 400, 500, 600, 800, 1000, 1400, 1800, 2400, 3000, 4000, 5000 m offshore). Opportunistic surveys, strongly dependent on the wave conditions, were conducted between 2001 and 2002, totalling ). Each grab had an approximate minimum depth of penetration of 10 cm. In all sampling stations, about 4 grab samples of biological material were collected (samples were washed through a 500 μm mesh bag) and in June 2001 , February 2002 and June 2002 , one extra grab sample was also collected for sediment analysis (at each of the sampling points), totalling 383 samples of macrobenthic fauna and 40 sediment samples. The sediment samples were analyzed for grain size using the classical methods of sieving for the coarse grained material and classified according to Shepard (1954) . It was assumed that sediment characteristics would represent the major changes within each 6 mo, and that the major changes would occur during the transitions between periods of lower (late spring, i.e. June) and higher (winter, i.e. February) hydrodynamics acting at the sea floor. In the laboratory, biological material was sorted, identified to the lowest possible taxon (in most cases species level) and counted.
Multivariate analysis of the macrofaunal assemblages: The structure of the macrobenthic community was investigated using multivariate techniques provided by PRIMER software (version 5.2.6, PRIMER-E). Similarity relationships of all biotic data results (7 sampling dates) were determined by the Bray-Curtis coefficient, after square-root-transformation of the raw data. A hierarchical cluster analysis (CLUSTER) was subsequently performed to identify similar faunal groups along the depth gradient. Non-metric multidimensional scaling (MDS) analysis was also performed to clarify and show the defined faunal groups, and afterwards these were classified in different depth ranges. For each depth range, a similarity percentages (SIMPER) analysis was used to determine the species that most contributed for the differences among depth ranges.
Simple linear regressions were used to identify variation patterns of species richness and density (dependent variables) with the physical parameters (independent variables), using STATISTICA software. Prior to the regression analysis, the normal distribution of the dependent population was assessed.
RESULTS

Wave climate
During the study period a total of 8 storms were observed, 4 of them between September 2001 and February 2002 and 3 from February to May 2002 (Table 1) . For both periods, the maximum observed significant offshore wave height reached at least 4 m, and was almost 5 m for the period from October 2001 to February 2002. Such wave height has an estimated return period of about 5 yr (H. O. Pires unpubl. data) and is classified as a near extreme storm for the regional wave regime (moderate wave energy). A single storm of smaller wave energy (H smax = 3.3 m) and duration (> 3 m in only 1 measurement, representing a maximum of 3 h) occurred in the period July to October 2002 (Table 1) .
Morphological parameters
The observed D c for the study period (Fig. 2) . In deeper areas, mainly deeper than 6 to 7 m, there were coarser sands down to at least 20 m (Fig. 2) . Relict sediments, composed by empty shells, coarse sands and gravel, appeared beyond 25 m depth. Fine sands were also detected in positions near rocky outcrops (detected at 25.6 m depth, February 2002, not shown in Fig. 2 ) and together with the relict sediments (sampling station 5000 m offshore, June 2002) (Fig. 2) .
Macrobenthic sub-littoral fauna
Community structure, main species and sediment texture A CLUSTER analysis was performed for all samples where the clustering samples were detected. From the clustering samples different groups were set, clarified and shown in the MDS analysis (I1, I2, II, III; Fig. 3) . Accordingly, the community was spatially separated into 3 main groups, defined along the depth gradient (Fig. 3) . Group I comprised the shallowest depths, from 1.3 to 7.2 m deep (sampling stations from 100 to 500 m offshore). Within this group, 2 sub-groups were discriminated: I1, from 1.3 to 3.4 m deep (sampling stations 100 and 200 m offshore) and I2, from 4.2 to 7.2 m deep (sampling stations 300 to 500 m offshore) (Fig. 3) . Crustaceans were the most diverse and abundant group in the fine sands samples of Group I1, having Diogenes pugilator and Bathyporeia spp. as discriminating species (Table 2 ) and among the most abundant for all sampling dates (Table 3) . Siphonoecetes sp. was also present, but mainly in the shallowest station (Fig. 2) . At these depths, molluscs and polychaetes attained higher densities ( Table 2, Table 3 ). Among the most discriminating species were several surf-clams, polychaetes (such as Prionospio caspersi), echinoderms and again D. pugilator (Table 2) .
Group II extended from 8.2 to 25.8 m deep, comprising the sampling stations from 600 to 4000 m offshore (Fig. 3) . A high number of polychaetes appeared in this depth range, from which Pisione remota dominated (Table 2) . Nematoda, Nemertea and the species Phascolion strombus (Sipuncula) and Branchiostoma lanceolatum (Hemichordata) were also present as discriminating taxa (Table 2) and occurred in higher abundances in this depth group (Table 3) . The sampling station 5000 m offshore (about 32 m deep) composed Group III (Fig. 3) . Annelids were the most diverse and abundant group, yet the clam Calyptraea chinensis and the amphipod Harpinia antennaria seemed the most discriminating species (Table 2) .
In terms of general patterns for the species number and density variation along the whole depth gradient, lower values were observed in the shallower depths (Fig. 4) . The species number gradually increased down to 26 m, where it attained the highest value (except in June 2001), decreasing after that (Fig. 4A ). This increase with depth was verified by the positive slopes of the linear regression analysis, which were all significant, except for February 2002 (Table 4) . Density increased considerably at 8 to 9 m, attaining the highest value (Fig. 4B) . Positive slopes were found for the depths < 9 m, except for July 2002, which, although not significant, showed a decreasing tendency along the gradient (Table 4) , due to the high densities of Siphonoecetes sp. observed in the shallowest depths. Beyond 10 m, density seemed to gradually decrease with the depth (Fig. 4B) , as seen from the generally negative slopes of the regression analysis (although only significant for February), except for June 2002, where an increasing pattern was seen (Table 4) , also related to the general low densities observed for the month (Table 5 ).
Temporal differences
The MDS of the macrobenthic community showed no clear formation of subgroups with respect to temporal differences (different seasons, Fig. 3) . Some of the most abundant species in each depth range were present throughout all sampling occasions, especially for the Groups I1, II and III (Table 3 ). The highest differences in the variation of the 5 most abundant species with season were found in Group I2, but these were not detected in the MDS plot (Fig. 3) .
Regarding species richness and density, the highest values in the Group I community were obtained in June 2001. Afterwards, these values decreased, with the exception of density in July 2002 (Table 5) Group I1 samples Group II samples Group III samples Group I2 samples Fig. 3 . MDS ordination plot of the macrobenthic communities. Spatial distribution of all communities for all study periods, with different symbols for each clustering group of samples. Groups I to III correspond to depth ranges (see Table 2 ). Dark grey symbols: spring (May, June); light grey symbols: summer (July, September); white symbols: autumn (October); black symbols: winter (February) tained in June 2001 was only obtained in July 2002 (summer) (Table 5 ). This was even more evident for the density, which only reached similar values in October 2002 (autumn) ( Table 5 ). When analysing the calm depths of 31.8 m alone, the highest values were found in June 2002 (Table 5) , mainly due to the expressive occurrence of polychaetes at those depths. The variation of species number along the depth gradient for the main seasons showed an increase at 6 m depth for June 2001, while for the other seasons this increase occurred deeper (Fig. 4A) (Fig. 4B ). (Table 1) . On the other hand, the spatial separation of the macrobenthic communities groups suggest that Group I, in the shallower depths, may be representative of these active depths, meaning that its community will be subjected to some hydrodynamic impact, according to the season. The depth range of Group I did not include the maximum observed values of D c and E x at 10 m depth and 600 m offshore. The sampling station nearest the 10 m depth was always associated with the Group II community (Fig. 3) , representative of calm depths, with no hydrodynamic impact. This is also consistent with the sediment texture zonation, where beyond the 8 m depth there were always coarse sands (Fig. 2) . Accordingly, the maximal active depth profile was considered to correspond only to the Group I depth range, namely from 1.3 to 7.2 m deep.
Physical and biological interactions
The regression analysis between the biological (species number and density) and physical parameters (wave climate and morphological parameters) showed generally negative relations (Fig. 5 ). Regressions were 118 only statistically significant for the species number and the slopes of the regression were steeper for the calm depths, showing higher decreases (Fig. 5 ). For density, these negative regressions were only observed for the active depths, but were not statistically significant (Fig. 5) . From the species number and density variation along the gradient (Fig. 4) , it is also clear that the extension of the lowest species number and density varied in accordance with the seasons of higher energy periods (Table 1) . So, for February and June 2002, which followed high energy periods with a larger E x (Table 1) , the increase of both species number and density was quite small when compared to the other months (Fig. 4) .
DISCUSSION
Macrobenthic community spatial patterns
Depth seemed to exert a strong influence on the spatial distribution and composition of the benthic macrofauna, as clear spatial differences were found along the depth gradient. Similar changes in the sublittoral macrofaunal communities distribution with depth were related to changes in the food supply and quality, water stability, and reduction of the physical disturbance (such as storm, wind influence) (Morin et al. 1985 , Rosenberg 1995 , Snelgrove 1998 , Hernández-Arana et al. 2003 . In the present study, at least 3 spa-119 tial groups were discriminated, corresponding to areas of high and low hydrodynamic impact, similar to the zonation patterns found at Zuma Beach, California (Morin et al. 1985) and Masnou Beach, Spain (Munilla & Vicente 2005) for the subtidal communities along a depth gradient. Occupying more hydrodynamic areas (1.3 to 3.4 m depth), composed by fine to medium sands, were some crustaceans adapted to environmental stress (such as the hermit crabs), which agrees with other surf zone studies (Vicente & Sorbe 1999 , Beyst et al. 2001a , Connor et al. 2004 , Janssen & Mulder 2005 . These depths presented the lowest species number and density, which was also reported by Morin et al. (1985) , Jansen & Mulder (2005) and Munilla & Vicente (2005) at the shallow, more hydrodynamic areas down to 7 m depth, beyond which the species richness increased (water depths shallower than 30 m). Bivalves followed in the gradient, as also seen by Hoey et al. (2004) . Potentially still within the D c range (4.2 to 7.2 m deep), the surf clams were quite abundant, including Spisula solida and Donax sp., commercially harvested on the Portuguese south coast (Gaspar et al. 1999 , Chícharo et al. 2002 , Dolbeth et al. 2006 . Following the depth gradient, mainly below the D c and seaward of the E x (coarser sands), was a diverse polychaete community, along with nematodes, sipunculids and amphioxus. This depth range, from 8.4 to 25.8 m, had the highest diversity and abundance of individuals. Other studies between 8 and 18 m deep reported similar key taxa, the polychaete community being the most diverse and abundant (Sardá et al. 1999 , Wieking & Kröncke 2003 , Hoey et al. 2004 . At the beginning of this depth range, at 8.4 m, density increased substantially, but gradually decreased afterwards. The physical disturbance at 7 m shorewards might have forced organisms to divert more energy towards maintenance, resulting in lower abundances. Yet, with the lower bottom disturbance at 8 to 9 m, coupled with the relatively shallow depth (higher light penetration), potentially allowing higher food availability, density increased considerably. Seaward of this depth, density decreased, which may be related to a decrease in food quality and supply (Morin et al. 1985) . At the 25.8 m depth alone, sediment was composed by relict deposits. This area is characterised by low hydrodynamics, from which the relict sediments are not in equilibrium with the low-energy conditions, as they consist of particles supplied to the shelf before the present time and under different hydrodynamic conditions. The community maintained some of its key species, being dominated by P. strombus (Sipuncula) and Nematoda and Nemertea groups. The deepest sampling station was composed of typical shelf deposits, with fine sands and mud deposits, also evidencing low hydrodynamics. The community at this area was more heterogenic, with no clear dominance of species. Amphipods, bivalves and polychaetes were a regular presence. At these depths, after the relict sediments, diversity and density showed a considerable decrease, probably due to the decreased of food availability (Morin et al. 1985) .
Physical and biological coupling
The present study showed that the harsher the environment becomes in terms of the differences in wave climate impact, the lower the species number and density within the community. This was both spatially and temporally consistent. In fact, both wave climate and morphological parameters showed negative relationships with the biological parameters analysed, meaning that the higher the energy to which the community is subjected, the lower the species number and density in the inhabited area. This relation was more powerful for the species number than the density, and the decrease was more accentuated for the calm depths than for active depths. The active depths were determined by the benthic spatial distribution limit at 500 m offshore distance, 7.2 m deep, and because it was located within the D c range. These depths are potentially subjected to higher and continuous impact. Yet, according to the morphological data, the maximum active profile could extend up to 580 m offshore and 10 m depth (following extreme storm periods), which includes the calm depth range. So, when the wave impact in the sea bottom extends to the deeper areas usually not subjected to physical disturbance, the decrease in the number of species may be even more accentuated, as seen by the higher decrease in the species number for the calm depths. Also, during higher D c periods some species might distribute further offshore, as seen for Spisula solida (Dolbeth et al. 2006) .
For the species density, the decrease was not significant, suggesting that while species richness would be directly affected by the physical environment, for density other factors might also have some impact, as suggested by Morin et al. (1985) . This was evident for the calm depths, as during most of the year, these communities are not subjected to the highly hydrodynamic impact, being placed in more stable sediments with higher organic content allowing the settlement of a large amount of fauna (Incera et al. 2003) . As a consequence, other factors that potentially may affect the species 121 (Morin et al. 1985 , Snelgrove 1998 ) and potentially also anthropogenic impacts, due to clam fishery as seen by Dolbeth et al. (2006) . A comparable pattern of decreasing species richness along a morphodynamic gradient has been documented for intertidal beach assemblages, from reflective to dissipative beaches (Brazeiro 2001 , Rodil & Lastra 2004 , McLachlan & Dorvlo 2005 ). This pattern is spatially and temporally consistent and it has been suggested that the reducing number of species would be associated with the environmental severity caused by swash climate, sediment dynamics, and erosion/accretion dynamics, all interacting with the biological processes (Brazeiro 2001) . A similar pattern, also spatially and temporally consistent, seems to occur along a sublittoral depth gradient, from the high energy to the low energy depths. However, the environmental severity conditioning the fauna is determined by other physical variables, which may vary with season, and where the beach type may not have a strong impact. Among physical factors, the importance of sea bottom physical disturbance extension, which in turn influences other parameters such as sediment texture , Hewitt et al. 2003 , was clear, along with other factors such as temperature and potentially the organic matter availability (Incera et al. 2003) (not assessed in the present study).
Another important aspect to consider is that no clear seasonal differences were observed when analysing the species composition along the study period. The density decreased in the winter 2002 (February 2002), suggesting a seasonal variation that is usual in temperate systems ). , also indicates sediment disruption and transport across the profile, probably due to the action of waves. This suggests that in Faro, where mean wave energy is considered moderate and temperature range is small, episodes of great hydrodynamics (such as storms) have greater effects on the structure and dynamics of the macrobenthic community than seasonality, the effect of which appears to be relatively low.
CONCLUSIONS
Sub-littoral marine invertebrate communities support a high diversity of species with different ecological and life history traits. Species (with different adaptations) occupy different niches along a depth gradient, which, among other factors, varies with sediment texture and with their ability to cope with the physical environment. The present study showed a clear zonation of the subtidal macrobenthic community occurring with depth along a hydrodynamic impact gradient, from higher to lower hydrodynamic areas. On the other hand, a higher or lower extent of this impact on the macrobenthic community varies with temporal changes in wave climate (storms and wave height) and morphological parameters (D c and E x ). Consistently, the higher the energy (translated into bottom disturbance) to which the macrobenthic community is subjected, the lower the number of species. Environmental severity conditioning the fauna is determined by the bottom disturbance, which in turn potentially affects sediment texture, food availability and biotic interactions. In temperate latitudes, the variability in the sandy macrobenthic communities is usually linked to the seasonal cycle, which includes community dynamics, species life cycle, water temperature and the occurrence of storm events. Yet, for the Faro system, the effect of seasonality appears relatively low and the storm events appeared to be a dominant factor conditioning the fauna, regardless of the season of occurrence.
